Background Early local tumor invasion in gastric cancer results in likely encounters between cancer cells and submucosal and subserosal adipose tissue, but these interactions remain to be clarified. Microenvironmental mechanical forces, such as fluid flow, are known to modulate normal cell kinetics, but the effects of fluid flow on gastric cancer cells are poorly understood. We analyzed the cell kinetics and chemosensitivity in gastric cancer using a simple in vitro model that simultaneously replicated the cancer-adipocyte interaction and physical microenvironment. Methods Gastric cancer cells (MKN7 and MKN74) were seeded on rat adipose tissue fragment-embedded discs or collagen discs alone. To generate fluid flow, samples were placed on a rotatory shaker in a CO 2 incubator. Proliferation, apoptosis, invasion, and motility-related molecules were analyzed by morphometry and immunostaining. Proteins were evaluated by western blot analysis. Chemosensitivity was investigated by trastuzumab treatment.
Introduction
The stomach is a hollow organ composed of mucosa, submucosa, muscular wall, and serosa (Fig. 1a) . Gastric adipose tissue cells are special stromal cells that exist in the submucosa and subserosa (layer under the serosa). Recently, cancer-stromal cell interaction has attracted attention, because stromal cells, especially cancer-associated fibroblasts and adipocytes, can regulate growth, invasion, and metastasis in many cancer types [1, 2] . Submucosal and subserosal adipose tissue is a frequent site of gastric cancer invasion (Fig. 1b) . Although adipose tissue appears to have a critical role in gastric cancer progression, the underlying mechanism remains unclear.
3
Physiological stress, especially fluid streaming, has been implicated in the physiologic responses of endothelial cells [3, 4] . Shear stress and fluid streaming were recently demonstrated to constitute a critical microenvironment for various cell types, including stem cells [5, 6] . In the stomach, three types of epithelial cells (foveolar, parietal, and chief) secrete specific kinds of gastric fluid. Muscular wall contraction and relaxation create peristalsis of the stomach, and this movement induces gastric fluid streaming that physically breaks down ingested food. Interstitial fluid flow attributed to the vascular network is also normally present in the gastric mucosa [7] .
We hypothesize that there may be a connection between cancer-stromal cell interaction and fluid flow and that these two factors may have an important role in the behavior of gastric cancer cells. In addition, trastuzumab, a monoclonal antibody against human epidermal growth factor receptor 2 (HER2), is often employed as a first-line combination chemotherapy drug for HER2-positive advanced gastric cancer [8] . Although HER2 expression in cancer cells is a key reference marker for trastuzumab efficacy, the influence of cancer-stromal cell interaction and fluid flow on HER2 expression in cancer cells remains unclear. There have been no culture models that can simultaneously reconstruct cell-cell interaction and fluid streaming. To the best of our knowledge, we have overcome this issue by establishing a simple culture model that can concurrently replicate the cellular and physical microenvironment in gastric cancer.
The aim of this study was to clarify the impact of cancer-adipose tissue interaction and fluid flow on kinetics, HER2 expression, and trastuzumab efficacy in gastric cancer.
Materials and methods

Cell lines and adipose tissue preparation
All procedures involving human and animal materials were performed in accordance with the ethical guidelines of Saga University. Two human gastric cancer cell lines, MKN7 (well-differentiated type) and MKN74 (moderatelydifferentiated type), were obtained from the Japanese Cancer Research Bank (Osaka, Japan). Adipose tissue fragments were isolated from subcutaneous adipose tissue of 1-weekold Wistar rats. 
Culture model
To replicate the cell-cell interaction, we used a coculture system (Fig. 1c) . First, adipose tissue was minced into pieces of about 0.5-mm diameter. Next, 0.15 g of minced adipose tissue was mixed with 10.0 ml of collagen gel solution (Cellmatrix, type I-A; Nitta Gelatin Co. Ltd., Osaka, Japan), and 1 ml of the mixture was poured into 15-mm diameter 24-well plates. For cocultures, 2 × 10 5 gastric cancer cells were seeded onto the collagen gel disc surface. At 1 day after seeding, the collagen gel discs were transferred to 10-cm diameter dishes in 40 ml of complete medium comprising RPMI 1640 (Wako Pure Chemical Industries Ltd., Osaka, Japan) supplemented with 10% fetal bovine serum, 100 µg/ ml streptomycin, and 100 µg/ml penicillin. In control cultures, gastric cancer cells were seeded on collagen gel discs without adipose tissue fragments.
Species differences in humoral cross-reactivity need to be considered in this culture system. We addressed this issue in our previous studies and confirmed that rat-derived adipose tissue and adipocytes exhibited cross-reactivity with cells from other species, including human-derived and mousederived cells [9] [10] [11] .
Fluid flow-generating system
The fluid flow-generating system was slightly modified from our previous method [11, 12] . The culture dishes were incubated under 5% CO 2 and 20% O 2 at 37 °C in a CO 2 incubator. To generate fluid flow, the culture dishes were placed on a rotatory shaker (MIR-S100C; Panasonic, Tokyo, Japan) that rotated at a speed of 40 rpm (Fig. 1c) . Control dishes were placed in the CO 2 incubator in the static condition. The culture medium was changed every 2 days.
Histology and immunohistochemistry
After 10 days of culture, histological examinations were performed by hematoxylin-eosin (HE) and Azan staining. Tissues were fixed with 10% formalin, routinely processed, and embedded in paraffin. HE and Azan staining procedures were performed on deparaffinized sections. Proliferative and apoptotic cells were respectively labeled with a mouse monoclonal anti-Ki-67 antibody (Dako, Glostrup, Denmark) and a rabbit monoclonal anti-cleaved caspase-3 antibody (Cell Signaling Technology, Danvers, MA). To distinguish spindle-shaped gastric cancer cells from mesenchymal cells, a mouse monoclonal anti-pan-cytokeratin (CK) AE1/AE3 antibody (Dako) was used. Expression of HER2 in gastric cancer cells was examined using a rabbit monoclonal anti-HER2/erb2 antibody (Cell Signaling Technology). As negative controls, phosphate-buffered saline, normal mouse IgG, and normal rabbit IgG were used as appropriate instead of a primary antibody.
Morphometric analysis
A total of 1,000 cells were counted (low magnification, × 10 objective) in five randomly chosen non-contiguous and non-overlapping fields within the stained sections, and the percentages of Ki-67-positive cells and cleaved caspase 3-positive cells were determined for evaluation of proliferation and apoptosis, respectively. Cancer layer thicknesses were measured at 10 points in all five randomly chosen non-contiguous and non-overlapping areas (low magnification, × 10 objective). Invasion depths of gastric cancer cells were measured by the distance from basement membrane to deepest front of gastric cancer cells. Numbers of invading gastric cancer cells were counted in 100-µm squares.
Western blot analysis
To prepare proteins from cancer cells, adipose tissue fragments and cancer cells were cocultured using inserts with 8-µm pore size (Falcon Cell Culture Insert; Becton Dickinson, Franklin, NJ). Adipose tissue fragments embedded in collagen gels were placed on the outside bottom of the inserts, and cancer cells were seeded inside the inserts. The inserts were placed in 10-cm diameter dishes in 40 ml of complete medium. After 48 h of culture, the collagen gels were stripped from the inserts. The cancer cells were lysed in 400 µl of M-PER Reagent (Thermo Fisher Scientific, Waltham, MA) supplemented with a protease-phosphatase inhibitor cocktail (Cell Signaling Technology). Lysates containing an equal quantity of protein were separated by SDS-PAGE in 12% Bis-Tris gels and transferred to PVDF membranes. The membranes were incubated overnight at 4 °C with antibodies against HER2, extracellular-signalregulated kinase (ERK) 1/2, p-ERK1/2, p38, and p-p38 (Cell Signaling Technology). Antibody-bound antigens on the membranes were detected with a chemiluminescent immunodetection system (Western Breeze; Thermo Fisher Scientific). The band densities were determined with MultiImager II (BioTools Inc., Gunma, Japan) and Image J (http://rsb.info.nih.gov/ij/) software. The results were presented as ratios relative to control values.
Effect of HER2 inhibitor trastuzumab on gastric cancer cell behavior
We examined the effects of the HER2 inhibitor trastuzumab (Herceptin; Chugai Pharmaceutical Co. Ltd., Tokyo, Japan) on gastric cancer cells. Trastuzumab was added to culture medium at a final concentration of 100.0 µg/ml. Samples were collected and analyzed at day 5.
Statistical analysis
Data from 3 to 5 independent experiments were analyzed by Tukey's test or Wilcoxon's test depending on equality of variance. Values are presented as mean ± SEM, together with number of experiments carried out. Mean values of replicates in experiments were used to determine statistical significance, with values of p < 0.05 considered to indicate statistically significant differences. All statistical analyses were performed using SPSS Statistics 23 software (IBM Corp., Armonk, NY).
Results
Adipose tissue and fluid flow synergistically regulate cellular kinetics of gastric cancer cells
To clarify stromal effects on gastric cancer, we cultured two types of gastric cancer cells with adipose tissue fragments. As shown in Fig. 2a , MKN7 cells cultured without adipose tissue had a flat cytoplasm and single-layer structure under static conditions. In contrast, MKN7 cells cultured with adipose tissue under the static condition showed increased cell density, cytoplasmic hypertrophy, and multi-stratified layer structure. Similarly, MKN74 cells cultured with adipose tissue under the static condition exhibited cytoplasmic hypertrophy, increased nuclear-cytoplasmic ratio, and thick stratified layer structure.
Fluid flow was added to the cell cultures to investigate the role of the dynamic condition. Under fluid flow, most MKN7 cells cultured with adipose tissue showed significantly increased cell density, cytoplasmic hypertrophy, and thickened cellular layer. Some MKN7 cells exhibited a papillary structure and invasion into the adipose tissue. Fluid flow induced increased cell density, increased nuclearcytoplasmic ratio, and multi-stratified layers in MKN74 cells cultured with or without adipose tissue. Small numbers of MKN74 cells cultured with adipose tissue showed invasion into the adipose tissue under fluid flow.
To examine cell growth and apoptosis of cancer cells, we performed immunostaining for Ki-67 and cleaved caspase-3. Coculture with adipose tissue significantly increased the Ki-67-positive cell number in MKN7 and MKN74 cells under the static condition (Fig. 2b) . Fluid flow significantly increased the Ki-67-positive cell number in MKN7 and MKN74 cells, and adipose tissue and fluid flow had a positive synergistic effect on the proliferative potential in both cell types. As shown in Fig. 2c , adipose tissue inhibited cleaved caspase-3 expression in MKN74 cells, and fluid flow did not affect the apoptotic ratio of MKN74 cells. Only a few MKN7 cells were positive for cleaved caspase-3 with or without adipose tissue.
Adipose tissue and fluid flow promote the invasive capacity of gastric cancer cells
The invasive potential of gastric cancer has a central role in the poor prognosis for patients [13] . To investigate the invasive capacity, we measured invasion depths and numbers of cancer cells that invaded collagen gel discs (Fig. 3a) . Intriguingly, MKN7 and MKN74 cells invaded collagen gel discs that contained adipose tissue, but did not invade collagen gel discs without adipose tissue (Fig. 2a) . Fluid flow significantly increased both invasion depth and cell number of MKN7 and MKN74 cells relative to coculture with adipose tissue under the static condition ( Fig. 3b-d) .
Adipose tissue and fluid flow modulate ERK1/2 and p38 expression in gastric cancer cells
Mitogen-activated protein kinase (MAPK) pathways are involved in proliferation, epithelial-mesenchymal transition, and migration of gastric cancer cells [14] . To clarify the malignant potential of gastric cancer cell kinetics, we evaluated ERK1/2 and p38 expression in gastric cancer cells. As shown in Fig. 4a , b, adipose tissue promoted total expression and phosphorylation ratio of ERK1/2 in MKN7 and MKN74 cells under the static condition. Adipose tissue did not affect total p38 expression, but did inhibit phosphorylation ratio of p38 in both cancer cell types under the static condition. Fluid flow significantly promoted p38 phosphorylation ratio in MKN7 cells with adipose tissue, but did not affect p38 expression and phosphorylation ratio under other conditions. Fluid flow upregulated ERK1/2 phosphorylation ratio in MKN74 cells cocultured with adipose tissue, but did not affect ERK1/2 expression and phosphorylation ratio under other conditions.
Adipose tissue and fluid flow change HER2 expression in gastric cancer cells
Trastuzumab, a monoclonal antibody against HER2, was investigated for combination chemotherapy, because trastuzumab is the first-line treatment for HER2-positive advanced gastric cancer [8] . As shown in Fig. 5a , MKN7 cells cultured without adipose tissue showed membranous To evaluate the chemosensitivity of MKN7 and MKN74 cells to trastuzumab, we administered trastuzumab under the fluid flow condition, based on our finding that fluid flow upregulated HER2 expression in gastric cancer cells. As shown in Fig. 5b , MKN7 cells cultured without adipose tissue showed thinning of the cytoplasm under trastuzumab administration, whereas MKN7 cells cultured with adipose tissue showed cellular hypertrophy and significantly increased number of Ki-67-positive cells. MKN74 cells cultured without adipose tissue exhibited no changes in morphology or Ki-67-positive cell ratio regardless of trastuzumab administration, whereas MKN74 cells cultured with adipose tissue showed thinner cellular layers and significantly decreased number of Ki-67-positive cells (Fig. 5c) . Trastuzumab administration increased the number of cleaved caspase-3-positive cells in MKN7 cells cultured with adipose tissue. No significant difference was observed in the number of cleaved caspase-3-positive cells in MKN74 cells cultured with or without adipose tissue (Fig. 5d) .
Discussion
In the present study, we have demonstrated for the first time that adipose tissue and fluid flow influence the behavior of gastric cancer cells under normal and chemotherapeutic conditions. Notably, adipose tissue and fluid flow had synergistic or independent effects on gastric cancer cells depending on the cell type.
Many studies have focused on the paracrine effect of adipocytes in various cancer types [15, 16] . Recently, adipocytes located close to invasive cancer cells have been designated cancer-associated adipocytes, and these special adipocytes are recognized as an important factor for tumor development and progression [17] [18] [19] . However, no threedimensional models involving both cancer cells and adipocytes have been established to facilitate evaluation of the growth, invasion, and apoptosis of these cells under coexistence. Our simple culture model accurately evaluated the proliferation and apoptotic ratio of gastric cancer cells and clearly demonstrated cancer cell invasion into adipose tissue in the same manner as that observed in vivo.
Bowel movement is considered to be closely related to the risk of colorectal cancer [20] . However, despite several theories for an association [21] [22] [23] [24] , it is extremely difficult to identify a particular effect of bowel movement that may affect the risk of gastric cancer. Simons et al. [25] reported that frequent bowel movements were associated with an increased risk of rectal cancer, while constipation was associated with a decreased risk of rectal cancer. Bowel Fluid streaming and shear stress were recently demonstrated to constitute a critical microenvironment for various normal cell types [7, 26] . However, the physical effects on gastric cancer have received scant attention. Although interstitial fluid streaming in a given organ is an important factor for not only normal cells, but also cancer cells [27, 28] , there have been no manageable three-dimensional culture models that can reconstruct cell-cell interaction and physical stress. In our simple culture model, small collagen gel discs can be easily produced and used to mimic gastric cancer organs under fluid flow.
As shown in Fig. 6 , MAPK signaling and HER2 expression are considered crucial factors for cancer cell behavior at the molecular level [29] . HER2 is a member of the human epithelial growth factor family, and its overexpression is associated with poor prognosis in many cancer types including gastric cancer [30, 31] . In a previous report, adipose tissue and adipose tissue stromal cells downregulated HER2 expression in cancers other than gastric cancer [10] . However, in the present study, adipose tissue was found to increase cytoplasmic expression of HER2 in gastric cancer cells. An impact of cytoplasmic HER2 overexpression was reported in pancreatic and colorectal cancers [32, 33] , but the underlying mechanism and detailed role of cytoplasmic HER2 have remained unclear. Our findings suggest that adipose tissue may lead to an increase in cytoplasmic HER2, which in turn enhances cell growth and proliferation. In this regard, it was notable that fluid flow acted as an independent factor for upregulated HER2 expression. Our findings suggested that adipose tissue and fluid flow were associated with HER2 expression in gastric cancer cells. Increased HER2 expression may be a factor in sensitivity to trastuzumab treatment. Cytoplasmic HER2 overexpression in gastric cancer is observed in clinicopathologic examinations [34, 35] , but the guideline for the scoring system does not mention this possibility [36] . Our results suggest that cytoplasmic expression of HER2 may be a potential target for trastuzumab.
A previous report showed that adipose cells promoted resistance to trastuzumab-mediated cytotoxicity in breast cancer cells in vitro [37, 38] . However, the chemo-mechanical crosstalk involving adipose tissue in gastric cancer remains less well understood. In the present study, adipose tissue sensitized MKN7 cells to apoptosis induced by trastuzumab. In contrast, adipose tissue reduced the number of Ki-67-positive MKN74 cells, resulting in suppression of the proliferation induced by trastuzumab. There seemed to be a definite discrepancy between these cancer cell phenotypes. Our findings suggest that adipose tissue may be associated with the prognosis in trastuzumab treatment for gastric cancer.
In conclusion, we have established a concurrent reconstruction model for the cellular and physiological microenvironment. Evaluation of trastuzumab administration in this 
